This study considers whether potential dermal exposures to headspace vapors and their condensates in Hanford Site high-level radioactive waste tanks could result in significant exposure to workers. Three types of potential exposures were evaluated: dermal contact with aqueous condensate, organic condensate, and direct contact with head space vapors. The dermal absorption rates from aqueous and organic condensates were estimated for 56 chemicals of potential concern using a model described by EPA (1992) with a modified correlation for dermal permeability suggested by Wilschut et al. (1995) . Dermal absorption rates of vapors were estimated using a model given by AIHA (2000). Results were compared to an "equivalent inhalation dose" calculated by multiplying the inhalation occupational exposure limit by a nominal daily inhalation rate.
Most exposure scenarios considered are hypothetical accident scenarios and do not represent routine working conditions. The study is aimed at identifying those chemicals of greatest concern in each exposure scenario so appropriate industrial hygiene practices and protective equipment can be selected and applied to reduce potential consequences.
Model results indicate relatively large areas of skin would need to be wetted with aqueous condensate or the contact would need to persist for an extended period before the equivalent inhalation dose of any chemical of potential concern is reached. The model identified tributyl phosphate as presenting the greatest risk of exceeding the equivalent inhalation dose, with an allowed exposure (contact) time of less than 1 min. if a very large fraction, 25% of the workers skin (5,000 cm 2 ), was wetted with the condensate. For a 500-cm 2 area of wetted skin, roughly the area of both palms of a worker's hands, the equivalent inhalation dose of tributyl phosphate would not be exceeded provided the worker could towel-dry his hands within 20 min.
N-nitrosodimethylamine and mercury vapor were found to be the most likely of the chemicals of potential concern to exceed their equivalent inhalation doses via dermal absorption from organic condensate. Exposure of 500 cm 2 of skin, about the surface area of one hand or the palms of both hands, to organic condensate could result in absorption of the equivalent inhalation dose of N-nitrosodimethylamine in less than 5 min., and of mercury in less than 9 min.
Dermal absorption of vapors was modeled to help identify conditions of potential concern. Dermal absorption of vapors present at the tank farms' action limits is predicted to be negligible compared to the dose received via inhalation for most of the chemicals of potential concern. 
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Introduction
The purpose of this report is to evaluate the potential for unacceptable dermal exposure to Hanford Site waste tank vapors and conservatively estimate dermal absorption rates for chemicals under scenarios of interest. This report is specifically limited to those chemicals in vapor and condensed solution phases identified as chemicals of potential concern (COPC) for tank farms (Honeyman et al. 2004 ). Dermal absorption of COPC is considered possible from contact with three vehicles: aqueous condensate, organic condensate, and vapor. Each of these entails different exposure scenarios.
Water evaporates from the waste in the tanks and can reach saturated conditions in the headspaces. Air leaving the headspace via the ventilation system and air pathways connected to the tank headspace may be cooled below its dewpoint (due to cool ambient temperatures, cool ground temperatures, etc.), causing the water vapor to condense and collect as condensate in low spots. This condensate absorbs vapors from air leaving the headspace, producing an aqueous solution containing the COPC at concentrations proportional to their vapor-phase concentrations. The concentrations of COPC in the condensate will be at their maximum values when the condensate and vapor are allowed to reach equilibrium. Because many of the tanks are warm and humid, aqueous condensate is relatively common and can be present in certain locations in gallon quantities. It is consequently possible for workers to come in contact with (e.g., via splashing, draining, dripping) enough aqueous condensate to saturate a portion of their clothes and wet their skin.
Analogous to the formation of aqueous condensate from warm humid air in the ventilation system, the concentrations of organic vapors may be high enough in the headspaces of some tanks to cause the formation of an organic condensate. However, because the concentration of organic vapors is always much lower than that of water vapor, the amount of organic condensate formed is very small compared to the amount of aqueous condensate. 1 While the aqueous condensate may form puddles and accumulate as bulk liquid in low spots, the organic condensate forms so slowly that it is present only as a coating on a condensing surface or a sheen on the surface of the aqueous condensate. Worker exposure to organic condensate is consequently limited to very small quantities that might result from handling or rubbing against a coated surface.
Vapors from the tank headspaces released into the air above the tanks may be absorbed through a worker's skin. The dilution of the vapors with ambient air generally makes this exposure very small, but under certain scenarios, such as when workers are present in a radiological containment tent over an open tank riser, dermal absorption of vapors may be important to the total dose.
Methodology
This section describes a method for estimating the dose received via absorption through the skin and the models applied to estimate dermal absorption rates. The dermal absorption of COPC from three vehicles (aqueous condensate, organic condensate, and vapor) was examined for different potential exposure scenarios. The approach taken to evaluate exposures depends on the vehicle and scenario as described below.
Equivalent Inhalation Dose
Dermal occupational exposure limits (OELs) analogous to the American Conference of Governmental Industrial Hygienists (ACGIH) and Occupational Safety and Health Administration (OSHA) inhalation OELs have not been established for any of the COPC. The approach taken here is to assume the dermal absorption of a given mass of COPC has the same health consequences as the same mass absorbed through the lungs. Assuming that 100% of the inhaled vapor is absorbed by the lungs, the equivalent inhalation dose is calculated by multiplying the lower of the OSHA permissible exposure limit (PEL) or ACGIH threshold limit value (TLV) by a nominal 10 m 3 /day inhalation rate:
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The 10 m 3 /day inhalation rate is a commonly used estimate (e.g., AIHA 2000). Table 1 lists the current COPC with their Tank Farms inhalation OELs and calculated equivalent inhalation doses. Two of the current COPC, chlorinated biphenyls and substituted furans, are classes of compounds that include multiple compounds. The chlorinated biphenyl COPC class is represented in Table 1 by four entries: monochlorinated, dichlorinated, trichlorinated, and tetrachlorinated biphenyls. These four subclasses include all chlorinated 2.3 biphenyls that have been detected in the headspaces; additional highly chlorinated biphenyls exist in the waste but tend to have such low vapor pressures they have not been measurable in the headspaces. The Chemical Abstract Service (CAS) number of the monochlorinated biphenyl having the highest reported headspace concentration is listed as the CAS number for this subclass in Table 1 and elsewhere in this report, and the CAS numbers given for the other three subclasses of chlorinated biphenyls were chosen analogously. The chlorinated biphenyls were divided into these four subclasses to improve specification of physical properties (e.g., solubilities, diffusivities, etc.) needed in the dermal absorption models described below.
The substituted furan class of COPC is represented in Table 1 by the seven members of this chemical class that have been reported in the headspaces. These are noted in Table 1 . There are potentially many hundreds of substituted furans, and their physical properties, needed for the dermal modeling below, could vary greatly. The seven that have been reported in the headspaces are considered here to be representative of the possible substituted furans likely to be present in the headspaces.
The OELs listed in Table 1 are generally based on an 8-hr/day occupational exposure. For some chemicals, ACGIH has also established 15-min. time-weighted average short-term exposure limits (STELs) and OSHA has established ceiling guidelines for varying exposure durations. For those chemicals having STEL or ceiling guidelines, a corresponding dermal dose was calculated using the following equation: Here, the Time Basis is the applicable duration of the exposure associated with the STEL or ceiling value; e.g., ACGIH STELs generally have a 15-min (0.25-hr) Time Basis. Table 2 lists the COPC that have established STEL or ceiling values, the most restrictive of the established values, the time basis, and the calculated STEL or ceiling dermal dose. The STEL or ceiling dermal doses given in Table 2 should be used instead of the 8-hr equivalent inhalation doses (Table 1 ) if dermal absorption rates are high, as when a large area of skin is contacted by condensate with high concentrations of COPC. In the remainder of this study, no distinction has made between the equivalent inhalation dose calculated with the 8-hr time-weighted average OEL and the STEL or ceiling dermal dose; the smaller of the two values has been used.
NonSteady-State Model for Dermal Absorption from an Aqueous Vehicle
The model used to approximate absorption of COPC from aqueous condensate is given in the EPA interim report Dermal Exposure Assessment: Principles and Applications (EPA 1992) . In that report, EPA recommends the use of a steady state model for inorganic solutes and a nonsteady-state model for organic solutes from an aqueous vehicle:
"…the new nonsteady-state approach for estimating the dermally absorbed dose from water droplets appears to offer significant advantages (over the traditional steady-state approach) for risk assessment application. First, the method more accurately reflects normal human exposure conditions since the short contact times associated with bathing and swimming generally mean that steady state will not occur. Second, the method accounts for the dose that can occur after the actual exposure event due to absorption of contaminants stored in skin lipids. For these reasons, it is recommended as the preferred approach. However, the nonsteady-state approach was developed for application to organics which exhibit octanol-water partitioning. Thus, it is not applicable to inorganics."
The exclusion of "inorganics" in the EPA nonsteady-state model is apparently not based on consideration of inorganic species in general, but on inorganic electrolytes that tend to have extremely small octanolwater partition coefficients. 2 Most of the inorganic COPC are not strictly ionic species in aqueous solution, and arguably the nonsteady-state model is just as valid for these inorganic as for the organic COPC.
The nonsteady-state model for absorption of organic solutes from an aqueous solution given by EPA (1992) attempts to account for the relatively high absorption rate of solute expected and observed between the initial exposure and the time at which a steady state absorption rate is developed. 
where MW is the molecular weight of the diffusing species (g/mol). However, subsequent to the EPA (1992) report, Wilschut et al. (1995) examined five mathematical models for estimating skin permeability coefficients and found that the revised Robinson model provided the smallest residual variance for a dataset of experimentally measured permeability coefficients. The Robinson model also more accurately reflects the physical mass transfer resistances involved and is specifically recommended by AIHA (2000) . It has been adopted here as an improvement of the EPA (1992) formulation. The revised Robinson model, as tested and assigned new optimized constants by Wilschut et al. (1995) (Eq. 11)
Note that, as suggested by the form of Eq. 8, mass transport of solute occurs in parallel through the two fractions of the stratum corneum (protein and lipid fractions) and then in series through the watery dermis layer that lies below the stratum corneum.
Rederiving the expression for the diffusivity of solute through the stratum corneum using Eq. (Eq. 17)
The nonsteady-state model for COPC absorption from aqueous condensate in contact with the worker's skin is thus given by Eq. 2 through 6 and Eq. 8 through 17. Table 3 lists, for each COPC, the permeability coefficients through the lipid and protein fractions of the stratum corneum and the watery dermal layer, the overall permeability coefficient, and the time to reach steady state. Note that the time to reach steady state varies significantly for the COPC, ranging from about 16 min. for ammonia to more than 1 day for tributyl phosphate. In principle, the longer it takes to reach steady state, the more important it is to account for the transient nonsteady-state period of exposure.
While the nonsteady-state model described by EPA is appealing from the perspective of more accurately estimating absorption during short-time exposures, as is the case for accidental contact with condensates that are washed off quickly, it has not been validated yet. The following is an excerpt from EPA (1992):
"…calculations performed by EPA have shown that this approach provides a more conservative total absorbed dose over the traditional steady-state equation for organic compounds. Preliminary testing showed that this new approach indicates that the dermal dose resulting from 10-minute showers exceeds the dose associated with drinking 2 L/day for a number of the pollutants listed in Table 6 -8. For the fastest penetrating chemicals the dermal dose was predicted to exceed the ingested dose by about two orders of magnitude (see Chapter 9 for further discussion of this comparison). This seems counterintuitive and raises concerns that the model may be overly conservative. …" 2.9 
NonSteady-State Model for Dermal Absorption from an Organic Liquid Vehicle
The formulation of the nonsteady-state model presented in the previous section is specific for an aqueous vehicle because the permeability coefficient correlation employed is specific for the transfer of solute from an aqueous vehicle. Specifically, the permeability coefficient includes the partitioning of solute between the solution contacting the skin and the stratum corneum. From EPA ( Given that the organic condensate of interest is a mixture of volatile and semivolatile organic chemicals, many having polar functional groups like octanol, the approximation is made here that the organic solvent-water partitioning coefficient is equal to the octanol-water partitioning coefficient:
The nonsteady-state model for dermal absorption of solute from an organic condensate is otherwise identical to that presented above for aqueous condensate. The absorbed dose per unit area of skin wetted by the liquid per exposure event, DA event , is given by Eq. 2 through 7 with 
Steady-State Model for Dermal Absorption from the Vapor Phase
The model used here to estimate dermal absorption of gases and vapors directly from the air is that given by the American Industrial Hygiene Association (AIHA 2000). It is a steady state model (analogous to 2.12 Eq. 1 that incorporates the revised Robinson (1993) model as given by Wilschut et al. (1995) to estimate the permeability of a vapor from the surface of the skin inwards, and an additional permeability coefficient to address the transport of vapors through air to the skin. The overall permeability coefficient, The dermal permeability coefficient for transport of a vapor through air to the surface of the skin is estimated by assuming the air around the worker is well mixed except for a thin boundary layer adjacent to the skin, through which vapors diffuse to the skin. Analogous to Eq. 18 4 , the permeability coefficient for vapor diffusion through the boundary layer is given in terms of the diffusivity of the vapor in air, D air , and the thickness of the boundary layer, l bl , by
The thickness of the boundary layer, l bl , depends on the level of activity of the worker and the clothing worn. Lotens and Wammes (1993) examined this issue and estimated the effective thickness of the boundary layer to be 3 cm for light work clothing.
AIHA (2000) recommends the diffusivity of a vapor in air is calculated from the expression
(Eq. 25)
The absorbed dose per unit area of skin exposed to the vapor per exposure event, DA event , is given by
where vap C is the vapor concentration in the air surrounding the worker.
Limiting Approximation for Ocular Absorption from the Vapor Phase
No model for absorption of vapor by a human eye was found in the literature. Vapors, particularly those soluble in water, are absorbed by the tear-wetted surface of the eye and transported to blood vessels in the eye. The importance of ocular absorption varies with the eyes' response to each chemical; some vapors are known ocular irritants and this effect may be far more important than the contribution of ocular absorption to the body's systemic dose. Nevertheless, a simple model is developed here to examine the latter.
As a first approximation it is assumed here that vapors are absorbed by the eye at the same rate as by the watery dermal layer of the skin, without the stratum corneum. Assuming a typical eyeball diameter of about 2.5 cm, and that about one-sixth of the eyeball is exposed, the eyes present roughly 6.5 cm 2 of surface area for vapor absorption. Analogous to Eq. 21, the overall permeability coefficient can be expressed as C is the vapor concentration in the air surrounding the worker, and eye A = 6.5 cm 2 , the exposed surface area of the eye.
3.1
Results
Aqueous Condensate
The composition of aqueous condensate is assumed to be that in equilibrium with the highest reported headspace concentration of each COPC. This results in an overestimation of the actual COPC concentrations because the highest reported COPC concentrations are not commonly attained in the headspaces or ventilation systems, and the COPC concentrations in condensate are maximized when the vapor and condensate are in equilibrium. The concentrations given by Meacham et al. (2006) are used here.
Estimated COPC concentrations in the aqueous condensate were first compared to EPA drinking water standards. Table 4 lists the two COPC for which EPA has established drinking water standards, along with their calculated aqueous condensate concentrations, and their EPA standards. The drinking water standards were obtained from the EPA web site at http://www.epa.gov/safewater/mcl.html. As indicated in Table 4 , mercury is expected to be at a lower concentration in the aqueous condensate than the EPA standard. Based on this comparison, mercury is considered to present a negligible dermal exposure hazard to workers and is not considered further here. Though calculated to be present at only slightly higher concentrations than its EPA drinking water standard, benzene was included in subsequent analyses here. where C is the concentration (mg/g) of the COPC in the condensate, and ρ is the density of the condensate (g/L). Table 5 lists the estimated condensate concentration, the equivalent inhalation dose, and the calculated condensate volume needed to reach the dermal dose for each COPC. Entries in Table 5 are arranged in order of increasing values in the fifth column, "condensate volume containing dermal dose." Table 5 , most of the COPC are expected to be present in aqueous condensate at levels that, even assuming 100% absorption through the skin, would not exceed the equivalent inhalation dose given indefinite contact with 4 L of condensate. These are assumed to present negligible dermal exposure hazard to workers and have been excluded from further consideration.
The 4-L criterion applied above resulted in the identification of 15 COPC that, assuming the condensate is in equilibrium with the highest reported vapor concentrations, could result in exposures that exceeded the equivalent inhalation dose. Whether a dermal exposure actually does result in an unacceptable dose depends on the actual amount of condensate contacting the skin, the rate at which it is absorbed, and the duration of the exposure.
The dermal absorption dose for various scenarios has been estimated for the 15 remaining COPC using the EPA (1992) nonsteady-state model described in Section 2.2. It attempts to account for the relatively high initial absorption rate while properly modeling the lower steady state absorption rates that are developed at larger times. Inasmuch as most tank farm exposure scenarios would involve the removal of the condensate as soon as possible (e.g., doffing wet clothing, toweling, showering, etc.), the proper modeling of short-duration exposures was deemed important. The following subsections consider model results applied to various scenarios.
Scenario 1. Indefinite Contact with Aqueous Condensate
Consider the scenario in which a worker is contacted by a small amount of aqueous condensate, but because of working conditions and the small amount of condensate involved, the worker does not notice it and takes no action to remove it. It is assumed here that the condensate is sufficiently spread out on the worker's skin and left on long enough for essentially 100% of the COPC present in the condensate to be absorbed. Under these circumstances the worker could only exceed the equivalent inhalation dose if the amount of condensate in contact with the skin contains more than the equivalent inhalation doses listed in Table 5 .
Inasmuch as it is very unlikely that an exposure of more than 10 mL would go unnoticed, only the first three COPC listed in Table 5 (N-nitrosomorpholine, N-nitrosodimethylamine, and ammonia) could result in an exposure that exceeds its equivalent inhalation dose given this scenario. Though both the 3.4
nitrosamines are carcinogens, the proposed limits are expected to be protective under plausible exposure conditions.
Scenario 2. Contact with Aqueous Condensate for Specified Duration
Consider a scenario in which a worker is contacted by a relatively large quantity of aqueous condensate and remains exposed for a period of 30 min, before the condensate can be effectively washed off. For a fixed exposure time such as this, the nonsteady-state model provides an estimated dose absorbed per unit area, and this can be used to estimate the wetted surface area required to reach the equivalent inhalation dose. Table 6 lists the minimum area of contacted skin needed to absorb the equivalent inhalation dose during a 30-minute exposure for each of the 15 COPC of interest. Entries in Table 6 are arranged in order of increasing values of the fourth column, "area of contacted skin." Given a nominal 20,000 cm 2 surface area for the human body (AIHA 2000), only the absorption rates of the first five COPC in Table 6 would be high enough to reach the equivalent inhalation dose in 30 min., even if the worker were completely submerged in condensate. Controls to limit the potential exposure surface area and duration of exposure for tributyl phosphate, N-nitrosomorpholine, N-nitrosodimethylamine, ammonia, and dibutyl butylphosphonate should be considered.
Note that the average absorption rate given in Table 6 is actually the average flux (i.e., mass absorbed per unit time per unit surface area) for a 0.5-hr exposure. The absorbed dose for an exposure of duration t event to any given surface area can be calculated Table 7 to allow the reader to examine other scenarios.
3.7 3.9
Scenario 3. Contact with Aqueous Condensate on Specified Dermal Surface Area
If the contact area of the aqueous condensate with a worker's skin is specified, the model can be applied to determine the minimum exposure time required to reach the equivalent inhalation dose. Table 8 lists the calculated duration of exposure for the absorption of the equivalent inhalation dose if the contact area were 5,000 cm 2 , nominally 25% of the entire body's surface area. Entries in Table 8 are arranged in increasing order of the duration of exposure required. As indicated in Table 8 , the model predicts that the exposure of such a large portion of the body would very rapidly result in the absorption of an unacceptable dose of tributyl phosphate and the two nitrosamines. Suitable controls should be considered for any working scenario that could result in this type of extensive exposure of a worker to aqueous condensate, particularly from a tank with high tributyl phosphate or nitrosamine headspace concentrations.
The same analysis was applied for an aqueous condensate-skin contact area of 500 cm 2 , roughly the surface area of one hand or the palms of both hands. Results are shown in Table 9 . Under this more limited exposure scenario, only tributyl phosphate represents a hazard if the condensate is removed within 1 hr of the exposure. 
Organic Condensate
The composition of organic condensate is assumed to be that in equilibrium with the highest reported headspace concentration of each COPC. Specifically, the organic condensate concentrations given by Meacham et al. (2006) are used here.
The dermal dose of COPC associated with organic condensate was evaluated using the nonsteady-state model proposed by EPA (1992) with appropriate modifications to address the differences between absorption from aqueous and organic solutions. Details of the model are given in Section 2.3. Results are given in terms of skin surface area and duration of exposure for the following scenarios.
Scenario 4. Indefinite Contact with Organic Condensate
Consider the scenario in which organic condensate contacts the skin of a worker and the worker does not notice or take action to remove it. Analogous to the first aqueous condensate exposure scenario discussed above, the potential for an unacceptable exposure via dermal absorption depends on the volume of condensate contacting the skin and not on the area contacted or duration. Assuming the organic condensate to have been in equilibrium with the highest reported COPC vapor concentrations, the volume of organic condensate needed to reach the equivalent inhalation dose of each COPC has been calculated and tabulated in Table 10 . Entries in Table 10 are arranged in order of increasing values in the last column, "condensate volume containing dermal dose." Comparison of the volumes of organic condensate needed to reach the most restrictive dose with the corresponding volumes of aqueous condensate (given in the last column of Table 5 ) indicates the organic condensate to be potentially much more toxic. However, the occurrence of organic condensate is limited to only those few tanks with very high organic vapor headspace concentrations, and the quantities of organic condensate are limited by the tendency for aqueous condensate to displace the organic from any low spots in the ventilation system. Although it is arguably less hazardous than aqueous condensate because of its rarity and low potential quantities, special consideration should be given to any scenario in which a worker could be directly contacted with organic condensate.
Given that only small quantities of organic condensate can accumulate in the ventilation systems, attention is focused here on the 12 COPC for which 2 mL or less of condensate could contain the equivalent inhalation dose.
Scenario 5. Contact with Organic Condensate for Specified Duration
Consider the scenario in which organic condensate contacts the skin of a worker, say by accidental contact with an inner surface of the ventilation system, and 30 min. elapse before the condensate is effectively removed. Under these circumstances the nonsteady-state model proposed by EPA (1992) can be applied to estimate the maximum skin-condensate contact area. Results for the 12 high importance COPC in organic condensate are given in the fourth column of Table 11 . Entries in Table 11 are arranged in order of increasing maximum surface area. 16606-02-3 0.5 300,000 9.93E-07 0.300
As Table 11 indicates, a worker with organic condensate covering roughly 190 cm 2 of skin could, according to the model, absorb the equivalent inhalation dose of N-nitrosodimethylamine from a 30-min. exposure. Protective controls should be considered for any work conducted on the ventilation system or fugitive emission pathways of a tank with very high organic headspace concentrations.
Analogous to the absorption of species from an aqueous solution, the average absorption rate given in Table 11 is actually the average flux (i.e., mass absorbed per unit time per unit surface area) for a 0.5-hr exposure. The absorbed dose for selected exposure (event) durations to any given surface area can be calculated using Eq. 32 and the Average Absorption Rate values tabulated in Table 12. 3.13 If the contact area of the organic condensate with a worker's skin is specified, the nonsteady-state EPA model can be applied to determine the minimum exposure time required to reach the equivalent inhalation dose. Table 13 lists the calculated duration of exposure for the absorption of the equivalent inhalation dose if the contact area were 500 cm 2 , nominally the surface area of one hand or the palms of both hands. 
Vapors
Dermal Absorption of COPC Vapors
The dermal absorption doses of COPC vapors were evaluated by applying a steady-state model given by AIHA (2002) . The use of a steady-state model is justified for vapor exposures because, unlike the dermal exposure to condensates which generally is expected to be no longer than needed to towel or wash the condensate off, a worker may be exposed to COPC vapors as long as he or she is working in the vicinity of the source. The model is described in Section 2.4.
It is assumed in the model development that the worker is in loose work clothing, so that the entire body is exposed. Given a 20,000 cm 2 nominal body surface area and specified COPC vapor concentrations, the model was used to calculate maximum acceptable exposure durations. Table 14 , one for exposures based on the maximum reported COPC headspace concentrations, and one for exposures based on the COPC Tank Farms Action Limits.
The fifth and sixth columns in Table 14 give the calculated dermal absorption rates and maximum acceptable exposure time, respectively, for each COPC assuming exposure to the maximum reported headspace concentrations. Entries are sorted in order of increasing values in the sixth column, so vapors presenting the greatest potential risk are at the top of the table. Maximum acceptable exposure times are less than 1 hr for N-nitrosodimethylamine, ammonia, and N-nitrosomorpholine, and less than an 8-hr working shift for seven other COPC.
The seventh column of Table 14 lists the Tank Farms Action Limit, specified as 50% of the Tank Farms OEL, for each COPC. The vapor dermal absorption model was applied for the scenario of COPC vapor concentrations in the work zone equal to these action limits and estimated the dermal absorption rates and maximum acceptable exposure times are given in the eighth and ninth (last) columns of Table 14 .
Maximum acceptable exposure times are generally much longer than when exposures are based on maximum headspace concentrations (compare the sixth and last columns), particularly for the COPC at the top of Table 14 . Two notable exceptions are formaldehyde and methanol, for which the model predicts dermal absorption rates that are actually higher than absorption via inhalation. These two compounds are both low-molecular weight chemicals for which transport from the ambient air to the worker's skin is apparently overestimated. These are discussed in Section 4.5.
Ocular Absorption of COPC Vapors
Ocular absorption of COPC vapors was evaluated using the simple model described in Section 2.5. It is based on the AIHA dermal model, with two significant changes. First, the transport of vapors from the ambient air to the surface of the eye is assumed to incur much less resistance, since the dermal model assumes loose work clothing, and this does not apply to the eye. Second, the permeability coefficient from the surface of the eye to the bloodstream is approximated by the watery dermal layer permeability coefficient of the dermal model, thus eliminating from the ocular model the protection of the stratum corneum layer of the skin.
Results of the ocular model are given in Table 15 , where the scenarios of exposure to the maximum reported headspace concentration and exposure to the tank farms action level are both considered for each COPC. The ratio of ocular to dermal absorption rates is given in the last column of Table 15 -this value is independent of the COPC concentration in the ambient air and applies to both scenarios. The analysis indicates that ocular absorption rates are quite small compared to dermal absorption rates (less than 10%) for all but mercury. Several factors are responsible for mercury being at the top of Table 15 , but it is not that the eye tends to have any special affinity for mercury vapor. Indeed, both dermal and ocular absorption rates for mercury vapor are very small when compared to most other COPC. Given the uncertainties associated with the AIHA dermal model and the results shown in Table 15 , the contribution of ocular absorption of COPC to the dose absorbed by a worker is negligible. Note this does not imply irritation and even damage to the eye is not possible, only that the amount of COPC absorbed through the eyes is small compared to the amount absorbed through the skin. 
3.17
Discussion
This study indicates dermal exposures to COPC via aqueous and organic condensates and vapors have the potential to exceed acceptable doses to workers in certain scenarios. This section attempts to summarize and qualify the study findings.
Equivalent Inhalation Dose
The equivalent inhalation dose, described and tabulated for each COPC in Section 2.1, is the occupational exposure parameter used in this study to identify unacceptable risk. It is calculated by multiplying the inhalation OEL by a typical volume of air that a worker would breathe over the applicable time period. It is a parameter developed to compensate for the fact that occupational dermal absorption exposure guidelines do not exist for any of the COPC, and it is based on the premise that the inhalation and dermal routes of entry into the body can be treated as equivalent. This approach is not novel to this study (e.g., AIHA 2002). As with the inhalation OELs from which they are derived, the consequences of exceeding the equivalent inhalation dose may differ markedly between COPC.
There are two issues that should be understood and considered. First, the inhalation OELs of some COPC are based on irritation of the nose, throat, and lungs, and these COPC may or may not have comparable dermal effects. Conversely, some COPC may have dermal effects that were not considered significant in the development of the inhalation OEL. Second, calculation of the equivalent inhalation dose assumes that 100% of the inhaled species is indeed absorbed by the lungs and that workers' bodies can safely handle all the vapor present in the air they inhale over the applicable period. This is not necessarily true; different vapors are absorbed with different efficiencies by the lungs, and to assume it is safe to absorb 100% when the vapor is present at its OEL concentration may not be justified. Nevertheless, it is assumed here that numerical adjustments to address these two issues are not warranted, given the variability in response between workers and the uncertainties in the inhalation OELs, the dermal absorption models, and the model inputs.
Note also that the equivalent inhalation dose does not include any correction for the dose a worker may get simultaneously via inhalation. The simultaneous dose from inhalation is assumed to be negligible in this study but should be evaluated and may need to be addressed as part of the acceptable total dose.
Dermal Absorption Models
The models on which this study is based are believed to generally overestimate dermal absorption rates and the potential to exceed COPC equivalent inhalation doses, as evidenced by the quotation from EPA (1992) given in Section 2.2. One reason for their tendency to overestimate absorption rates is the assumption that the concentration of the absorbing species is essentially zero within the body; this enhances the diffusion gradients and increases the absorption rate. For most COPC this approximation may not be significant, but for others, such as formaldehyde which is normally present in the blood at about 2 ppm (Heck et al. 1985) , this assumption may lead to an unrealistic dermal absorption rate.
The models themselves employ standard engineering mass transport principles and equations and wellaccepted approximations. The primary limitation of the models in this study is thought to be the lack of 4.2 experimentally determined permeability coefficients for the COPC and the corresponding reliance on empirical approximations for these parameters.
No accommodations are made in the models for the potential effects of different ambient air humidities, skin lesions, or the age of the worker on dermal absorption rates. Though the models incorporate many approximations, they are still the best available means for estimating dermal absorption rates and absorbed doses.
Aqueous Condensate
The nonsteady-state EPA dermal absorption model, with the modified Robinson formulation of the permeability coefficient, was applied to estimate absorption rates of COPC from direct contact with aqueous condensate. The aqueous condensate was assumed to be at equilibrium with the maximum reported COPC headspace concentrations, resulting in reasonably conservative estimates of the likely COPC concentrations in the condensate. Though the model is sound, it does appear to generally over estimate dermal absorption rates (EPA 1992), and the numerical results given in Tables 6, 8 , and 9 are judged to be conservative from a worker-protection perspective.
Model results suggest that relatively large areas of skin would need to be wetted with aqueous condensate or the contact would need to persist for an extended period before the equivalent inhalation dose of any COPC is reached. The model identified tributyl phosphate as presenting the greatest risk of exceeding the equivalent inhalation dose, with an allowed exposure (contact) time of less than 1 min. if a very large fraction, 25% of the workers skin (5,000 cm 2 ), was wetted with the condensate. For a 500-cm 2 area of wetted skin, roughly the area of both palms of a worker's hands, the equivalent inhalation dose of tributyl phosphate would not be exceeded provided the worker could towel-dry his hands within 20 min.
Organic Condensate
Dermal absorption of COPC from organic condensate was modeled using the same EPA nonsteady-state model as applied to aqueous condensate, with permeability coefficients modified to account for the partitioning of species between an organic liquid and the stratum corneum. As with the aqueous condensate modeling, the organic condensate was assumed to be at equilibrium with the maximum reported COPC headspace concentrations, resulting in reasonably conservative estimates of the likely COPC concentrations in the condensate.
Based on the compositions calculated by Meacham et al. (2006) , the organic condensate is significantly more toxic than the aqueous condensate (see Tables 5 and 10 ). However, organic condensate is expected to be present in much smaller quantities and will not form except in the ventilation systems of tanks with exceptionally high organic vapor levels. Potential exposures are consequently limited to operations on the ventilation systems of a very tanks and to small areas of skin.
Model results indicate N-nitrosodimethylamine and mercury vapor to be the most likely to exceed their equivalent inhalation doses via dermal absorption from organic condensate. Exposure of 500 cm 2 of skin, about the surface area of one hand or the palms of both hands, to organic condensate could result in absorption of the equivalent inhalation dose of N-nitrosodimethylamine in less than 5 min., and of mercury in less than 9 min.
4.3
Vapors
Dermal absorption of COPC vapors was modeled to help identify conditions of potential concern. Fullbody exposure to the maximum reported headspace concentrations of COPC was determined to result in unacceptable absorption rates. Ammonia, for example, has been reported at 1,730 mg/m 3 (about 2,500 ppm) in the tank headspaces or roughly 200 times the tank farms' action limit. At this concentration, the model predicts a worker would dermally absorb an equivalent inhalation dose in about 6 min. Consideration of the model results given in the sixth column of Table 14 and/or the application of the dermal model to evaluate other concentrations is advised any time a work zone could potentially contain levels of COPC greater than the tank farms' action limits.
Dermal absorption of vapors present at the tank farms' action limits is predicted to be negligible compared to the dose received via inhalation for most of the COPC. Notable exceptions to this are formaldehyde and methanol, which were both found to be absorbed via the skin faster than via inhalation. These two chemicals are both low molecular weight, highly water-soluble species that the model predicts will be transferred rapidly through the effective 3-cm boundary layer of air surrounding the body.
It is suggested here that the expression for mass transport of light species from the workplace air through clothing and to the surface of the skin, Eq. 24, is inappropriately based entirely on the diffusivity of the species in air; the actual transport depends on body motions that cause clothing to breathe and convection to occur between the clothing and the skin. While Eq. 24. with a 3-cm effective boundary layer, may be suitable for larger molecules, it apparently overestimates the transport rates of smaller molecules. An additional issue for both formaldehyde and methanol is that the model assumes the baseline concentration of the absorbing species is zero inside the body and in the blood. Both formaldehyde and methanol are endogenous to the body, being present at about 2 ppm in blood (Heck et al. 1985, Batterman and Franzblau 1997) . Inasmuch as the model assumes a larger-than-actual concentration gradient between the surface of the skin and the blood stream, it overestimates the absorption rate.
As noted in Section 3.3.2, the estimated ocular absorption of COPC vapors is small compared to dermal absorption and, given uncertainties in the dermal model, can be considered negligible in the evaluation of dermal dose. This should not be construed as indicating irritation and/or damage to the eye could not occur from direct exposure to headspace COPC concentrations, only that ocular absorption has a small contribution to the allowable dermal dose.
Recommendations
The models and modeling results presented above are intended to provide guidelines for the tank farms industrial hygiene worker protection program. The models are admittedly inexact, with the apparent bias of overestimating dermal absorption rates in at least some cases.
Tabulated condensate exposure results apply to the scenario of direct contact of aqueous and organic condensates with a worker's skin, with no remediation until the specified exposure duration is over. Clearly, this scenario can be avoided by suitable selection of worker clothing, awareness training to prevent the possibility of such contact, and response training to ensure appropriate actions are quickly taken in the event a worker is contacted by condensate.
